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Abstract: Doping of individual single-walled carbon nanotubes via noncovalent adsorption of polyethyl-
enimine which converts p-type semiconducting nanotubes into n-type is examined by micro-Raman studies.
Distinctively different responses are observed in metallic and in semiconducting nanotubes. Very little or
no changes in the radial breathing and the disorder modes are observed upon polymer adsorption on
semiconducting carbon nanotubes indicating noncovalent nature of this process. Tangential G-band spectral
downshift of up to ∼10 cm-1 without line broadening is observed for semiconducting tubes suggesting
similar magnitude of electron transfer as commonly observed in electrochemical doping with alkali metals.
Strong diameter dependence is also observed and can be explained by thermal ionization of charge carriers
with activation barrier that scales as the energy gap of the semiconducting nanotubes. In contrast, metallic
nanotubes exhibit very different behavior with significant line broadening of the G-band and concurrent
enhancement of the disorder mode. In certain cases, initially symmetric Lorentzian line shapes of the G-band
features with narrow line widths similar to semiconducting tubes are converted to a broad, asymmetric
Breit-Wigner-Fano line shape. Implications on the effects of electron injection and the local chemical
environment on the intrinsic line shape of isolated carbon nanotubes are discussed.

Introduction

Inherent to the nanometer length scale is the large surface-
to-volume ratio. While spatial confinement leads to many
interesting and potentially useful properties for breakthrough
technologies,1 large surface areas can impose severe difficulties
in understanding and therefore in the ability to control materials’
properties. For example, doping via impurity atoms has been
and continues to be a challenge for nanoscale semiconductor
materials2 because of impurities being easily annealed out to
the surface where dangling bonds/trap states can render doping
ineffective. Often highly exposed electronic wave functions of
nanoscale materials lead to extreme sensitivities but large
fluctuations in responses even to minute changes in the ambient
surrounding can give rise to potential ambiguities in the inter-
pretation of experimental results.3 Although single-walled carbon
nanotubes (SWNTs) possess many desirable properties such as

high carrier mobilities,4 high current carrying capacities,5 and
mechanical robustness,6 their all surface atom makeup represents
the ultimate challenge in understanding of the influence of
extrinsic factors to the intrinsic properties of nanoscale materials.
Such an understanding is necessary for the ability to control
materials’ properties especially at the nanometer dimensions.

With respect to semiconducting properties of SWNTs, the
ability to vary carrier density or doping is a critical need for
advances in nanoelectronics. Difficulties due to all surface atom
makeup and the strong influence of the ambient surroundings
have posed severe limitations until recently. Nitrogen impurity
doping has been reported for multiwalled carbon nanotubes, but
this process leads to highly defective geometries where simple
tube structure is lost.7 Strong acid purification induced oxygen
containing groups (especially carboxyl groups) and subsequent
chemical reactions to introduce covalent functional groups have
also been examined as potential doping route but these ap-
proaches lead to partial loss of sidewall graphitic crystallinity
and opened ends.8 In addition, n-doping or electron injection is
particularly more difficult since as-synthesized SWNTs usually
exhibit p-type only behavior which has been attributed to
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ambient oxygen adsorption both on the sidewalls as well as at
the metal contacts.3,9 Nonelectrical or electrochemical10 n-doping
processes to date include charge transfer doping from alkali
metals,11,12thermal annealing in a vacuum (attributed to oxygen
desorption),13,14choice of metal contacts,15 and polymer adsorp-
tion.16,17For alkali metal doping and thermal annealing, vacuum
atmosphere is required to achieve and to maintain n-type
behavior. Alkali metal doping can also lead to undesirable
irreversible structural changes. In multiwalled nanotubes, partial
opening of the sidewalls has been observed upon alkali metal
doping.18 Lithium doping of SWNTs by applied electrochemical
potential also leads to irreversible changes as observed by
spectroscopic means.19 Achieving n-channel conduction with
choice of metal electrodes requires hydrogen annealing prior
to metal deposition or poor performance limited by the large
Schottky barrier is observed.15 Adsorption of amine-rich poly-
mers such as polyethylenimine (PEI) is a simple alternative
approach which should in principle lead to noncovalent interac-
tion that maintains structural integrity of SWNTs and therefore
the high electronic performance.16,17 Doping via polymer
adsorption is very easy to achieve (e.g., spin-coating or simple
exposure to polymer solutions), compatible with existing
lithographic techniques for electrical contact deposition, and one
of the very few methods that allows air-stable n-doping of
SWNTs16 with high performance.17 While the simplicity of this
doping method is very useful, how carriers in SWNTs are
generated by simple adsorption of polymers has not been studied
and needs to be elucidated. Compatibility of simple polymer
adsorption with many measurement techniques (e.g., single
nanotube Raman and electron transport measurements) may also
facilitate understanding of charge-transfer processes in SWNTs.

With respect to metallic properties, studies of many novel
phenomena occurring in 1-dimensional conductors may be
hindered by extreme sensitivity to the local environment. One
of the current topics of interest is the origin of the Breit-
Wigner-Fano line shape of the tangential G-band in the Raman

spectra of metallic nanotubes.20 The Fano line shape arises from
coupling to a continuum of states and has been thought to be
intrinsic to metallic nanotubes.21 Since the Fano line shape
appears only in metallic tubes, the finite carrier density at the
Fermi level is considered to be necessary to allow coupling to
a continuum of states.21 The line shape of metallic nanotubes’
G-band and therefore the electron-phonon coupling has been
shown to be highly sensitive to processing conditions, in
particular, to oxidative purification conditions.22 More recently,
the Fano line shape being an intrinsic feature of metallic
nanotubes has been questioned with evidences suggesting
bundling effects inducing or enhancing the asymmetric line
shape.23,24Our simple approach to changing the local chemical
environment of isolated single nanotubes by polymer adsorption
may provide insights into the intrinsic line shape which in turn
should provide information on the nature of phonon-continuum
coupling in these prototypical 1-dimensional conductors. Here,
we examine how polymer adsorption affects the phonon modes
of isolated individual SWNTs. Charge transfer doping in
semiconducting SWNTs and changes in the G-band line shape
(and therefore in the electron-phonon coupling) of metallic
SWNTs upon simple adsorption of PEI are studied by micro-
Raman measurements.

Experimental Section

Single-walled carbon nanotubes were synthesized on Si substrates
with thermal oxide by established chemical vapor deposition methods.25

Catalysts (Fe(NO3)3‚9H2O and Alumina in methanol) were deposited
on deep-UV lithography patterned substrates. Growth of SWNTs was
carried out in a tube furnace at 900°C using ultrahigh purity CH4 and
H2. For polymer adsorption, SWNTs grown on Si/SiO2 substrates were
immersed in 10 wt % PEI (Aldrich,Mn ) 10 000) in methanol
overnight, washed with methanol, and dried with N2 flow. Alternatively,
50 wt % PEI in methanol was spin-coated at 6000 rpm for 120 s directly
on SWNTs on Si/SiO2 substrates, allowed to stand for several hours,
and rinsed with methanol followed by drying with N2 flow. No
significant differences were observed in the two methods. As-
synthesized SWNTs were allowed to equilibrate in air for several days
prior to measurements. Atomic force microscope (AFM) images were
collected on a Digital Instruments Dimension 3100. Raman measure-
ments were carried out on a Jobin Yvon LabRam HR 800 micro-Raman
spectrometer with 633 nm (1.96 eV) and 785 nm (1.58 eV) excitation
sources under air ambient conditions. The maximum intensity used was
∼3 mW (∼3 µW) for 633 nm (785 nm) laser with spot size of∼1 µm
in diameter for 100× air objective. Even at the maximum intensity for
633 nm excitation, we do not observe any changes in the Raman spectra
due to extended laser exposure. Lower intensity measurements with
633 nm as well as the 3 orders of magnitude smaller intensity of 785
nm excitation show same results. Thermoelectrically cooled CCD has
a resolution of∼0.3 cm-1 per pixel which is approximately the spectral
resolution of the instrument. All Raman spectra shown are the raw
data collected.
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Results and Discussion

From chiral index assignment26,27to examining electronically
selective chemical reactivity,28 Raman spectroscopy has been
a powerful characterization tool for SWNTs. Here, we exploit
the ability to carry out resonant Raman measurements at the
single nanotube level26,29to examine charge transfer doping and
the Fano line shape evolution in SWNTs upon polymer
adsorption. We first describe our approach to examining isolated
individual SWNTs before and after PEI adsorption by micro-
Raman measurements. Diameter dependent spectral response
to charge transfer from PEI to semiconducting SWNTs are then
examined followed by a discussion on the strikingly different
behavior of metallic tubes.

Raman Measurements on Isolated Single Nanotubes.
While Raman spectroscopy has been extensively used to
characterize charge-transfer processes in SWNTs,11,12,30 most
studies have been limited to ensemble measurements. To
examine charge transfer at the single nanotube level, it is critical
to ensure that only one SWNT contributes to the observed
signal31 and that the same nanotube can be located before and
after the charge-transfer step. A combination of micro-Raman
measurements, facile method of doping via polymer adsorption,
and low density of SWNTs allows us to examine spectroscopic
changes at the single nanotube level. Figure 1 compares a Raman
map obtained from the integrated intensity of the tangential
G-band of an area near a patterned catalyst with the same area
AFM image. The bright region at the top of Figure 1A is the
patterned catalyst where there is a very high density of SWNTs.
The AFM image in Figure 1B shows the same area. Note that
there is a larger number of SWNTs in the AFM image due to
the limited number of SWNTs being resonant with the laser
excitation source. However, where there are appreciable intensi-
ties of the G-band region, a nanotube can be seen in the AFM
image. Corresponding nanotubes in the Raman map and the
AFM image are labeled 1-4. As Figure 1B shows, there is a
significantly large density of SWNTs within about 1µm from
the catalyst pattern. To ensure that only one SWNT contributes
to the Raman signal, only spots that are∼2 µm or further away
from the patterned catalysts where the typical density of SWNTs
is much less than 1µm-2 (as shown by the AFM image) are
used for analysis.

To ensure that the same nanotube is examined before and
after PEI adsorption, the patterned catalysts as well as litho-
graphically etched markers are used for alignment. Once the
resonant SWNT of interest is located from the Raman signal
(usually by the G-band), a smaller area is scanned to ensure
collection at the same spot (within the laser spot size limited
spatial resolution). Samples are also mounted on a rotational

stage to ensure same angular alignment (within∼0.1°) with
respect to the laser polarization. Figure 2 shows the radial
breathing mode (RBM) and G-band maps of the same area
before (A and B) and after (E and F) PEI adsorption. Notice
that the intensity of the Raman active modes can vary along
the length of the nanotube. While normalizing intensities with
respect to the substrate Si phonon mode has been carried out to
compare relative intensities,26 we examine only the line widths
and frequency shifts upon PEI doping due to this variation in
intensity and laser spot size limited spatial resolution of∼1
µm. For most resonant SWNTs, no significant differences in
the line widths and frequencies of the RBM and the G-band
have been found along the length of the SWNT as shown in
Figure 2 prior to PEI adsorption. Changes in the RBM and/or
the G-band frequencies that we have observed occasionally are
usually associated with abrupt changes in the direction of the
nanotube. This may be due to defects causing a “kink” and a
change in chirality along a same SWNT or simply the beginning
of another SWNT which happens to have a partial spatial
overlap.

The spectra shown in Figure 2 are collected at the positions
indicated by the arrows in the Raman maps. These are the actual
spectra collected during the mapping measurements. The
appearance of the RBM peak at 142.4 cm-1 and the resonance
with 633 nm (1.96 eV) laser excitation source indicate that this
is a semiconducting SWNT with a possible chiral index (n,m)
of (19,5). For the low-frequency RBM region, the spectra are
fitted with a linear background and a single Lorentzian. The
numbers next to the RBM peaks are the peak position in cm-1

and the full width at half-maximum (fwhm) in parentheses from
the least-squares fit. There are no changes in the spectral position
and the line width of the RBM along the length of the SWNT
or upon PEI adsorption for this SWNT. The difference in the
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Figure 1. (A) Raman map of integrated intensity around the G-band
(1575-1610 cm-1). The map is collected using 633 nm (1.96 eV) excitation
source at 1µm scan step. The laser polarization is indicated by the double-
headed arrow at the top-right corner. The bright area at the top of the figure
is the patterned catalysts which can serve to facilitate alignment and locating
SWNTs. The small spot left of SWNT labeled 3 in the Raman map is due
to higher background noise. (B) Atomic force microscope image of the
same area. Numbers 1-4 indicate the corresponding SWNTs in Raman
map and AFM image.
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frequency for spectra labeled 1 and 2 (which are taken at the
spots labeled correspondingly in the RBM map) is less than
0.3 cm-1 which is smaller than our resolution limit. The
difference before and after PEI adsorption is also less than our
resolution. The fwhm of the Lorentzian of the RBM peak in all
four spectra in Figure 2C,G are within 0.3 cm-1 of 3 cm-1.
The narrow line widths of both RBM and the G band peaks
approach that of the reported natural line widths32 of ∼3 cm-1

for RBM and∼5 cm-1 for the most intense G-band peak further
confirming that individual isolated SWNTs are being measured.
We note that a few semiconducting SWNTs (mostly relatively
small diameter tubes) exhibit small but nonnegligible RBM
frequency shift upon PEI adsorption (up to∼2 cm-1 shift has
been observed). In halogen and alkali metal doping of nanotube
bundles, spectral shifts of the RBMs may be expected due to
intercalation between SWNTs and large shifts and disappearance
of RBMs have been observed.11a,33 In the absence of such
intercalation effects, as is the case in our isolated individual
SWNTs, RBM frequency may be constant since charge injection
is expected to change the in-plane C-C bond lengths but not
necessarily the out-of-plane vibrational modes. The few RBM
spectral shifts that we observe may be associated with changes
in the surrounding as observed in comparison between on-
substrate and suspended SWNTs34 rather than with electron
injection.

Diameter-Dependent Doping of Semiconducting Nano-
tubes. One of the key features that has been used to examine
charge-transfer processes in carbon nanotubes as well as in

graphite intercalation compounds is the spectral changes in the
tangential G-band of the Raman spectra.12,19,35The G-bands in
Figure 2D and 2H are fitted to two Lorentzians. Much like the
RBM, there are no significant frequency variations along the
length of the SWNT. However, unlike the RBM, there is a large
shift in the spectral position of the G-band upon PEI adsorption.
The most intense peak at higher frequency (G+) downshifts from
1592.3 to 1586.9 cm-1 and the lower frequency peak (G-) also
exhibits very similar downshift of 5.5 cm-1 upon PEI doping.
The same changes are seen along the full length of the SWNT
upon PEI adsorption. This downshift in the G-band is consistent
with C-C bond length expansion expected upon electron
injection and as observed in alkali metal doping of nanotube
and graphite systems.12,35 The downshift of ∼6 cm-1 is
comparable to the∼8 cm-1 shift observed in electrochemical
doping with K and Li.19 As a simple guide, if we assume the
same G-band shift (∆ωG) to doping fraction change (∆Q) ratio
R ≡ ∆ωG/∆Q ∼ 370 cm-1/electrons per C atom as reported
for alkali metal electrochemical doping,19 this downshift cor-
responds to∆Q ≈ 0.02. Considering that the amine groups of
PEI are separated by 2 C atoms with a mixture of primary,
secondary, and tertiary amines (i.e., possible differences in
electron donating ability) and that the branched structure of the
polymer is unlikely to yield close-packed chains, this magnitude
of doping fraction change may be expected. However, as shown
below, there is a strong diameter dependence on the G-band
shift upon PEI doping.

Figure 3 shows the Raman spectra of two different diameter
semiconducting SWNT before and after PEI adsorption. As-
sumingd(nm) ) 248/ωRBM(cm-1),26 Figure 3A-C correspond
to a 1.7 nm diameter SWNT and Figure 3D-F to a 0.85 nm
diameter SWNT. With the laser excitation at 633 nm (1.96 eV),
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Figure 2. Raman maps of the radial breathing mode (A and E) and the G-band (B and F) regions of the same semiconducting single-walled carbon
nanotube before (A and B) and after (E and F) n-doping with polyethylenimine. All scale bars are 1µm. Spectra at the spots indicated by the arrows in the
Raman map are shown in (C) and (D) for as-synthesized and (G) and (H) for after polymer adsorption. Grey lines are the data and the black lines are the
Lorentzian curve fits. Raman maps are collected with 633 nm (1.96 eV) laser excitation. Spectra are offset for clarity.
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the RBM frequencies correspond to possible chiral indices of
(15,10) for the larger and (8,4) for the smaller tube.26a The
absence of the disorder (D) mode at∼1300 cm-1 for the larger
diameter SWNT indicates that this tube is free of amorphous
carbon residues. Isolated semiconducting SWNTs that we have
examined usually exhibit very small or no D-mode. When it is
observed, the D-band is often associated with relatively small
diameter SWNTs as shown in Figure 3E or metallic SWNTs.
Unlike covalent chemical reactions,28 PEI adsorption usually
leads to no significant changes in the D-mode for semiconduct-
ing SWNTs. In the small diameter semiconducting SWNT
shown in Figure 3D-F, there is an actual reduction in the
relative intensity of D-band with respect to the G-band. In all
semiconducting tubes that we have examined, no increase in
the D-band is observed confirming the expectation that PEI
adsorption on semiconducting SWNTs is noncovalent.

The G+ (G-) peak for the larger diameter SWNT shown in
Figure 3C exhibits a similar downshift of 7.3 (7.1) cm-1 upon
PEI doping as the semiconducting SWNT of similar diameter
shown in Figure 2. Surprisingly, there is no significant change
in the spectral position of the G-band for the small diameter
SWNT in Figure 3F. The diameter (d) dependence of the change
in the G-band of semiconducting SWNTs upon PEI adsorption
is shown in Figure 4. The tentative chiral index (n, m)
assignment for these SWNTs is given in the Supporting

Information. There is a strong diameter dependence of the
magnitude of the downshift for both G+ and G- peaks. Larger
diameter SWNTs show significantly larger downshift upon PEI
doping whereas smaller diameter tubes show little or no change.
Two SWNTs withd ≈ 0.9 nm show small upward shifts in the
G+ peak which may be an analogous effect to the anomalous
C-C bond contraction observed at low doping fractions of alkali

Figure 3. Raman spectra of 1.7 nm (A-C) and 0.85 nm (D-F) diameter single-walled carbon nanotubes before and after polymer doping. Radial breathing
mode (A and D), disorder mode (B and E), and the G-band regions are shown. In all cases, lower black curves are as-synthesized nanotube spectra and the
upper blue curves are after polyethylenimine adsorption. The numbers next the peaks indicate the spectral position in cm-1 and the numbers in the parentheses
are fwhm from Lorentzian curve fits. Broader feature at∼303 cm-1 in (D) is from the Si substrate. All spectra are obtained with 633 nm (1.96 eV) laser
excitation. Spectra are offset for clarity.

Figure 4. (A) Diameter dependence of the spectral shift of the G-band
peaks, G+ (filled circles) and G- (open squares), upon n-doping with
polyethylenimine. The curves are least-squares fits for carrier thermal
ionization process as described in the text. Solid (dashed) line corresponds
to fit to G+ (G-) peak shift. Inset is a schematic energy level diagram.
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metal doping,12 but further studies are needed to elucidate this
effect.

However, the overall trend in the diameter dependence of
the G-band spectral shift shown in Figure 4 may be explained
by a diameter dependent activation barrier for thermal ionization
of electrons from the donor PEI to the semiconducting SWNTs.
For simplicity, we assume thatn is directly equal to the number
of electrons ionized from PEI per unit length. With the donor
energy level at∆E below the conduction band edge, the linear
density of carriers is then approximated by

whereND is the linear density of donors andkT is the thermal
energy. A schematic energy diagram is shown in the inset of
Figure 4. Following the results from alkali metal electrochemical
doping of SWNTs,19 we assume that the G-band spectral shift
due to electron injection is linearly proportional to the doping
fraction change (i.e.,R ≡ ∆ωG/∆Q ) constant). Assuming no
carriers prior to PEI adsorption, the doping fraction change is
∆Q ) n/NC whereNC is the linear density of C atoms of the
SWNT. Then the G-band spectral shift upon PEI adsorption is
given by

The solid (dashed) curve in Figure 4 is the least-squares fit to
eq 2 for G+ (G-) peak shift. Here, the preexponentialRND/NC

is assumed to be independent of diameter and∆E to be linearly
proportional to the band gap or inversely to diameterd. The fit
givesRND/NC ≈ 60 cm-1 and∆E ≈ 0.1 eV‚nm/d.

To further verify the thermal ionization process for electron
injection into the conduction band, we also show temperature
dependence of G-band shift for a PEI doped SWNT in Figure
5. G-band region of the Raman spectra of a SWNT exhibiting
RBM at 142 cm-1 is shown in Figure 5A at the indicated
temperatures. In Figure 5B, the log of the shift in the G+ peak
with respect to the original G+ peak frequency prior to PEI
adsorption is plotted as a function of inverse temperature. Linear
fit to the equation, ln(∆ωG) ) ln(RND/NC) - ∆E/kT, gives
RND/NC ≈ 30 cm-1 and∆E ≈ 34 meV for this 1.75 nm diameter
tube. If we useR ) 370 cm-1 (ref 19) then the ratio of donors

to C atoms in the SWNTND/NC ≈ 1/12, which is reasonable
considering the density of N atoms on PEI. Remarkably, the
values obtained here forRND/NC and∆E are very close to the
values independently obtained from the diameter dependence
shown in Figure 4 (RND/NC ) 30 cm-1 from Figure 5 and 60
cm-1 from Figure 4, and∆E ) 34 meV from Figure 5 and 57
meV from Figure 4). The small differences may be due to our
simplification such as∆ωG being linearly proportional to the
number of charges injected and independent of SWNT diameter.
While our treatment of the carrier injection process is admittedly
a simple one (e.g., assumption of linear∆ωG to ∆Q relation
and neglecting potential p-doping effects of ambient oxygen,
etc.), it is consistent with and gives an intuitive understanding
of the diameter dependence observed here with reasonable
values of the activation energies for thermal ionization of
carriers.

While the spectral shift in the G-band exhibits a strong diam-
eter effect, the line width change is independent of diameter.
The inset of Figure 6 shows the changes in the line widths of
the RBM (∆ΓRBM) of semiconducting SWNTs upon PEI

Figure 5. (A) G-band region of spectra of a 1.75 nm diameter SWNT doped with polyethylenimine at the indicated temperatures. The top spectrum is
collected after cooling back down to room temperature. (B) Temperature dependence of the G+ peak shift. The solid line is a least-squares fit as discussed
in the text.

n ) ND exp(- ∆E
kT) (1)

∆ωG ) R
ND

NC
exp(- ∆E

kT) (2)

Figure 6. Line width (full width at half-maximum) change of radial
breathing mode (∆ΓRBM) and the main feature in the G band (∆ΓG+) for
different diameter SWNTs upon doping with PEI. On average, the radial
breathing mode (inset) shows no change and the G-band shows very slight
line narrowing.
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adsorption. There is no significant broadening suggesting that
PEI adsorption does not cause changes in the extrinsic (e.g.,
additional scattering sites due to polymer-nanotube interaction,
mechanical deformation, etc.) and intrinsic (e.g., perturbation
to the electronic wave functions, Raman resonance conditions,
etc.) properties that contribute to the observed line widths of
semiconducting SWNTs. These results are consistent with our
previous electrical measurements where PEI adsorption has led
to electron mobilities similar to as-fabricated device hole
mobilities suggesting that PEI does not induce additional
scattering.17 The change in the line width of the G+ peak (∆ΓG+)
is shown in Figure 6. Unlike ensemble measurements on doping
processes, there is, if any, a slight line narrowing of 1-3 cm-1

for most isolated semiconducting tubes. In alkali metal doping,
∼50 cm-1 broadening of the fwhm of the G-band has been
observed at the onset of the downshift for the ensemble of
nanotubes.12 During this G-band downshifting stage of doping,
the Lorentzian line shape continuously changes to an asymmetric
Fano line shape.12 However, our results for isolated single
nanotubes shown in Figure 6 are from Lorentzian curve fits
without significant line broadening (see also Figures 2H and
3C) suggesting that semiconducting SWNTs are not likely to
contribute to the appearance of the asymmetric line shape, at

least at the relatively low levels of doping that we can achieve
with PEI. On the basis of the diameter dependence of the G-band
spectral shift in Figure 4, semiconducting SWNTs will contribute
to inhomogeneous line broadening rather than line shape
symmetry change in the ensemble. In contrast, metallic SWNTs
exhibit distinctly different behavior which may have a more
profound effect on the overall line shape evolution observed in
the ensemble. More importantly, the different spectral response
may have implications on the intrinsic line shape of metallic
SWNT G-band which in turn will have consequences on the
interpretation of electron-phonon coupling from Raman mea-
surements as discussed below.

Metallic Nanotubes and Intrinsic Phonon Line Shape.
Figure 7 shows the Raman spectra of two different metallic
SWNTs before and after PEI adsorption. There is a slight shift
in the RBM (A and C) in both tubes. However, this shift varies
from nanotube to nanotube with average shift of less than+1
cm-1 for the 10 metallic tubes we have examined. There are
two strikingly different spectral responses compared to the
semiconducting tubes. For the two metallic nanotubes shown
in Figure 7, a large enhancement of the D mode at∼1300 cm-1

and a broadening of the G-band are observed. The ratio of
integrated intensities of D-band to G-band increases by about a

Figure 7. Spectral response of a 1.3 nm (A and B) and a 1.5 nm (C and D) diameter metallic nanotubes upon polyethylenimine adsorption. In all spectra,
lower black curves and symbols are before polymer adsorption and the upper blue curves and symbols are after. The after polymer adsorption spectra are
offset for clarity. The spectra in A and B are collected with 633 nm (1.96 eV) excitation and the spectra in C and D are collected with 785 nm (1.58 eV)
excitation source. The G-band region around 1590 cm-1 in B for the spectrum prior to polymer adsorption is fitted to 3 Lorentzians. In B and D, the insets
are the G-band regions after polyethylenimine adsorption with Fano and Lorentzian curve fitting shown in black solid lines.
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factor of 2 on average for 10 metallic tubes examined. This
enhancement of D-band upon PEI adsorption only in metallic
SWNTs is consistent with the claim in ref 36 that amine
functional groups have higher affinity toward metallic tubes
(which in turn has been used to explain the effective separation
of metallic tubes from semiconducting ones). For the metallic
nanotubes that exhibit broad G-band prior to PEI adsorption,
the asymmetric Fano line shape is maintained. On the other
hand, when we observe relatively narrow line shapes that can
be fitted to two to four Lorentzians, significant broadening as
shown in Figure 7 is observed. These changes are not likely to
arise from photochemical reactions of PEI since (1) the laser
excitation sources are in the visible/near-IR range where PEI
does not absorb and (2) no noticeable differences are observed
when these measurements are carried out at very low intensities.
In fact, spectra shown in Figure 7C,D are collected with 785
nm (1.58 eV) laser excitation at∼3 µW.

The origin of the broad, asymmetric feature in the G band of
metallic SWNTs is currently under intense investigation.20-23

Initially, this G-band feature has been attributed to phonon-
plasmon coupling in the presence of conduction electrons with
increasing curvature (due to decreasing diameter) leading to
stronger coupling.21 More recently, two reports have suggested
that the asymmetric Fano line shape arises from effects induced
by bundling of multiple tubes which enhances phonon-plasmon
coupling.23,24 Two reports suggest that the intrinsic line shape
is not the asymmetric Fano line shape.24,37Shown in the main
panel of Figure 7B for the spectrum prior to PEI adsorption is
a three Lorentzian fit for the G-band. The fitting leads to narrow
lines at 1557, 1573, and 1591 cm-1 with corresponding fwhms
of 16, 10, and 15 cm-1 which are comparable to the line widths
observed in isolated semiconducting tubes. The broadened
asymmetric line shape after PEI adsorption, on the other hand,
requires a Fano line given by

and a Lorentzian for fitting. Here,ωo is the Fano line spectral
position with intensityIo, 1/q is the measure of phonon coupling
to a continuum of states, andΓ is the line width. From the fit
shown in Figure 7B inset, the coupling parameter 1/q ) - 0.28,
which is slightly larger than previously reported values.21,22

Spectral response of another metallic SWNT upon PEI adsorp-
tion is shown in Figure 7C,D. Similar values of the coupling
parameter (1/q ) - 0.3) as that of the tube in Figure 7B is
obtained from the fit shown in the inset of 7D. The important
point is that, in addition to the enhancement of D-mode, the
initial relatively weak or negligible Fano line shape for the lower
frequency G-band feature (G-) becomes significantly enhanced
upon PEI adsorption in both cases whereas the higher frequency
mode (G+) remains Lorentzian in line shape similar to the line
shapes observed in ref 21.

Currently proposed mechanisms for the appearance of Fano
line shape in the Raman spectra of metallic SWNTs involve
coupling of discrete phonons to acoustic/quasiacoustic or a

potentially low-lying optical plasmons.21,38,39For the acoustic/
quasiacoutic plasmon cases, “defects” are invoked to allow
phonon-plasmon coupling. On the basis of the average diameter
dependence, Brown et al. have suggested that the nanotube
curvature facilitates Fano coupling of the lower frequency G-

mode (where the atomic displacements are along the circumfer-
ence of the tube) to the plasmon continuum but not the higher
frequency G+ mode which has atomic displacements along the
tube axis.21 On the other hand, Jiang et al.23 and Paillet et al.24

have experimentally shown that bundling is an important factor
in the appearance/enhancement of the asymmetric G-band line
shape consistent with Kempa’s theoretical treatment38 of gapless
quasiacoustic plasmons where excitations of plasmon-phonon
hybrid modes introduce the Fano line shape in the Raman
spectra and bundling leads to a strong enhancement of the
asymmetric line shape. In addition, Bose et al.38 have proposed
phonon coupling to a low-lying optical plasmon that can explain
both higher frequency Lorentzian and lower frequency Fano
line shapes in metallic tube G-band features without invoking
curvature or bundling effects. Our observation of initial all-
Lorentzian line shapes of metallic tubes converting to Fano+
Lorentzian line shape after PEI adsorption along with a
concurrent enhancement of D-band suggests that the Fano
coupling to a plasmon continuum may be mediated by in-plane
disorder. Intrinsic line shape of isolated individual metallic
nanotubes may be Lorentzian and this in-plane disorder induced
by changes in the local chemical environment (in our case, the
adsorption of PEI) can turn on or strongly enhance Fano
coupling.

We finally note that Yu and Brus have previously reported
enhanced Fano line shape in nanotube bundles upon laser
heating and thermally induced degassing of oxidizing molecules
adsorbed from strong acid processing conditions.22 While our
samples are prepared by CVD method where the growth is the
very last step and therefore no intentional oxidation process is
introduced, there are many reports of oxygen adsorption induced
changes in the electronic properties of SWNTs.3,9,13 Then the
variations in the initial line shape (i.e., some with all Lorentzian
and some with a combination of Lorentzian and Fano shapes)
of the G-band of as-synthesized isolated metallic tubes that we
observe and also reported by Jorio et al.31 may be attributed to
the different degree of ambient air atmosphere induced changes
(e.g., different degrees of oxidation). These observations indicate
that molecular adsorption on metallic SWNTs can have dramatic
effects on the G-band line shape and therefore on the electron-
phonon coupling. At the very least, these results emphasize the
importance of the local chemical environment/molecular adsorp-
tion on phonon scattering in carbon nanotubes. Further studies
are needed and are underway to address contributions of the
local chemical environment (in particular the chemical nature/
atomic details of the induced disorder) and the tube curvature
to the intrinsic line shape of metallic tubes.

Conclusions

We have presented Raman studies on doping of SWNTs by
PEI adsorption at the single nanotube level. Distinctly different
spectral responses from semiconducting and metallic SWNTs
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I(ω) ) Io

[1 + (ω - ωo)/qΓ]2

1 + [(ω - ωo)/Γ]2
(3)
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are observed. Strong diameter dependence of the G-band spectral
shift of semiconducting SWNTs has been found which may be
attributed to a carrier thermal ionization process. No significant
changes in the line widths of both RBM and the G-band as
well as vanishing or insignificant D-band suggest mild non-
covalent functionalization in charge transfer doping of semi-
conducting SWNTs with PEI. Very different spectral responses
in metallic SWNTs (namely, the appearance of Fano line shape
and the concurrent enhancement of D-band) have important
implications on the intrinsic phonon line shape and therefore
on the electron-phonon coupling. In particular, we have
experimentally shown that at least certain metallic tubes exhibit
symmetric Lorentzian line shapes for the G-band phonon mode
and that the changes in the local chemical environment can lead

to the appearance of Fano line shape with associated enhance-
ment of the D-mode even in theisolated(unbundled) metallic
SWNTs.
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